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r-.  m.ethoc  of  simulating  the  cvnamie  oer.avior  of  pu.sed 
17  oscillators  is  presentee.  It  is  assumed  that  the  simulation 
isles  change  sloviy  vitr.  respect  to  the  RF  period  sc  that  the 
1-static  approximation  nay  be  used.  A  comparison  of  simulation 


:s  vitr.  experimental  results  for  an  X-bar.d  circuit 
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were  came 


At  each  temperature ,  simulations  vere  performed  at  r i as  current 

densities  of  J,  =  UOG,  650  and  100C  A/er*-.  For  . c r.  '  1 , J ^  } 
ac  dc 

combi nation ,  a  sinusoidal  RF  voltage  at  1C  GHz  was  applied  and  the 
amplitude  was  varied  from  zero  tc  the  point  -where  the  diode  efficiency 
dropped  significantly.  The  information  thus  obtained  is  YL ( f  =  1C  GHz; 

1  ^  r*v  ..  .  ^ 
lo  jh  Z ,  - , 

=  0,  the 

diode  is  modeled  as  a  depletion  capacitance,  Cq  =  ( cA/v _  )F,  in  series 
with  a  small  resistor,  R  =(v  _/aA)f;,  to  account  for  the  ur.depleted  region 


J ,  ,  the  diode  admittance  in  mho/cm*-,  and  V. 

dc  RF  ’  cc 


J,  ,  V  ),  the  diode  large-signal  ooeratinr  voltage. 

CLC  nr 


QC 


(v^  is  the  depletion  region  width  and  w^  is  the  width  of  the  undepleted 


region).  To  obtain  the  diode  characteristics  at  operating  points 
other  than  these  simulated,  a  linear  interpolation  scheme  is  used  [2]. 


It  is  assumed  that  the  circuit  admittance  Y  (s)  varies  more 

c 


rapidly  with  frequency  than  the  diode  admittance  so  that  Y  may  be 

D 


assumed  constant  with  frequency  over  the  frequency  range  of  interest. 


However,  the  diode  cold  capacitance  CL  =  (e/w)  F/cm2  (vhere  w  =  w,  +  w 

D  a  u 


6.9t  um)  is  lumped  into  Y  (s)  sc  that  the  wC_  component  of  the  diode 

C  D 


susceptance  does  vary  with  frequency.  The  device  area  was  assumed 
tc  be  A  =  l.F  x  10” 3  cm2  which  is  the  measured  value  for  the  diode. 


pT-  '’"Tr 

Figure  2  shows  the  circuit  used  to  model  the  actual  oscillator 
circuit,  which  consists  of  a  transmission  line  (represented  by 

F.t  )  and  a  low-impedance  transformer  adjacent  to  the  diode  package 

Li 

(represented  bv  Z  ,  £ ,  and  e  )•  The  capacitance  C  is  the  discontin- 
c  r 


uity  capacitance  between  the 


transmission  line  and  the 


concerning1  these  values,  esnecia__y  'or  tr.e  series 
The  procedure  vas  tc  use  the  experimentally  deters. 
0.32  or  for  2  and  tc  determine  1  as  follows.  Tn 

*  -r  c 

resulting  from  the  simulation  at  T  =  5Q0°K,  C.  =  1 

ac 

rent  density  used  experimentally)  ar.d  Y„_  =  p7.17 
point  for  this  particular  'T,  7.  '  combination]  va 
through  the  package-mounting  equivalent  circuit  tc 
2.  L  vas  then  chosen  so  that  this  transformed  ai 

c 

to  the  experimental  large-signal  admittance  measur 
Cn  is  the  diode  cold  capacitance,  vhieh  is  lumped 


lo.-: 


.r.tJ; 


r.— .-.uaJLic 

Figure  b  presents  the  turr.-on  and  turn-cff  characteristics 
observed  for  the  free-running  case  ar.d  Fig.  £{a)  shovs  the  behavior  ove 
the  entire  I.p-us  tulse.  The  diode  vas  found  to  oscillate  at  9.7  GHz, 
the  peak  output  rover  was  15.5  V.',  and  the  diode  operating  voltage  was 
approximately  ICG  V.  Figure  5(b)  shovs  that,  for  the  infection-locked 
case,  the  diode  turns  on  faster  than  for  the  free-running  case.  (In 
Figs.  b  and  5,  an  additional  6  ns  delay  is  introduced  in  the  detected  K 
waveform  relative  tc  the  bias  current  waveform  due  to  the  measurement 
setup.  ) 

Table  1  shovs  the  experimental  results  for  the  infection-locked 

case  as  the  infection  signal  power  is  varied.  The  infection  frequency 

was  10  GHz  and  the  (neak)  bias  current  vas  1.  =  0.6-  A,  or  J.  =  6b6 

b  dc 

A/cm2.  F  r  is  the  (peak)  RF  power  generated  by  the  LMFATT  and  does  not 
Kr 

include  the  mover  delivered  bv  the  infection  source  F.  .  T.  is  the 

u  in 

-*■  ** 

average  function  temperature  calculated  from  the  experimentally  deter¬ 
mined  thermal  resistance.  It  vas  found  experimentally  that  if  the 
infection  power  was  reduced  below  2  Vi,  the  IMFATT  did  not  lock  with  the 
infection  source. 

The  thermal  resistance  vas  exTerimentallv  determined  to  be  E  .  = 

tn 

5°K/V  for  the  diode  and  1°K/V.'  for  the  mount.  Since  the  temi'erature  in 
the  mount  changes  mere  slowly  than  the  diode  temperature  [6],  the 
1°K/K  contribution  vas  assumed  tc  increase  the  ambient  temperature,  T. 
in  (b),  from  room  temperature  as  follows: 

T,  =  30C°K  +  6b. 7  V  x  C.l»5  x  i°k/w  =  3,29°K  ,  (5) 

h 

where  6b, 7  Vi  is  the  peak  dissipated  power  ir.  the  diode  and  C.b^,  ic  the 


uuuy  tor.  .;.e  i  cituet  were  :&cr::aie:  :r.  a  quae  mesa  structure; 

ar.  appropriate  t hemal  relaxation  time  for  this  arrangement  is  t  =  8  us 
ir.  ( b ) .  Using  these  values,  (-!'  implies  that,  in  crier  for  the  average 
diode  temperature  to  he  ^73°-'!  (see  Table  1',  the  diode  tenter  at  ure  at 


che  beeir.r.inr 


che  bias  current  tulse  must  be  artrcximatelv  16C°K  in  th 


steady  state. 

Figure  6(a)  shows  the  start-up  behavior  obtained  from,  the  ouasi- 
static  simulation  for  the  free-running  case.  For  comparison,  the  corres¬ 
ponding  portion  of  the  experimentally  observed  F.F  power  from  Fig.  b(a) 
is  also  shown.  The  amplitude  of  the  experimental  curve  is  normalised  sc 
that  both  the  experimental  and  theoretical  curves  reach  the  same  maximum 
RF  power  level.  The  bias  current  increases  linearly  from  zero  at  t  =  0 
to  =  6b£  A/cm2  at  t  =  60  ns  in  Fig.  6(a),  The  starting  temperature 
at  t  =  0  is  b60°K.  From  Fig.  Ms),  the  detected  RF  power  turns  or.  approx 
mateiy  32  ns  after  the  bias  current  begins  to  increase  (recall  the 
additional  6-ns  delay  ir,  the  measurement  system);  this  experimental  delay 
is  very  close  to  the  delay  resulting  from,  the  simulation  in  Fig.  6(a). 
Figure  6(b)  shews  a  plot  of  the  circuit  admittance  vs.  real  frequency 


(o  =  0)  and  small-signal  device  admittance  vs.  2.  at  the  starting 

cc 

temperature  T  =  hc?DF..  From  (2),  V  will  net  increase  until  (l)  is 

Rr 


satisfied  fer  a  value  ci 


;ucr.  tr.at  Re;  s 


'ir .  6(b),  the 


regc. or,  tc  the  right  of  the  -  Y 


curve  ccrresr or.as  tc  -  Y  ( r  ■  values 

c 


such  that  Reis)  <  C,  and  the  area  tc  the  left  of  the  -Y  (  f )  curve  con¬ 
tains  -  Y  (si  values  such  that  Re{s)  >  C.  As  2  .  increases  .'nor.  :er:  to 
c  C3C 

20C  A/cm‘,  the  Y,  arid  -  Y  (r '  curves  cross  for  c  -•  C  valuer  arc  Y.  r  cnr.rc 

increase.  As  2.  increases  further,  the  Y_  curve  enters  the  c  >  '  rericr. 
ac 

and  V  begins  tc  build  ut  .  From  r*r.  6(b),  it  is  seer,  that  the  osci i  nt  io; 


i requer.cy  start  at  apprcxum.ar,e_y  r.  •  „-r ,  v:.:cr.  if  tne  expertmenta.ly 

observed  frequency  for  the  free-running  case. 

Figure  7  shows  the  RF  power  simulated  during  the  oscillator 
turnoff  wnere  it  is  assumec  that  J  decreases  linearlv 

Q  C 

from  6h 6  A/cm2  at  t  =  C  to  sere  at  t  =  PC  ns.  This  result  should  be 
compared  with  Fig.  Mb),  although  ir.  the  experiment  J  departs  from  the 
linear  waveform. 

Figure  8  shows  the  start-up  transient  for  the  injection-locked 
case,  with  I  =  0.557  A  [see  (l)  and  Fig.  3(a)]  so  that  the  incident  power 
from  the  locking  source  is  It /SO  =  k  W  at  10  GHz.  Ccmoariscn  of  Fig. 

8  with  Fig.  6(a)  shows  that  the  RF  power  turns  on  faster  for  the  injection 
locked  case  than  for  the  free-running  case.  This  is  in  agreement  with 
the  experimental  result  shown  in  Fig.  5(b).  This  is  because  there  is  a 
substantial  RF  voltage  across  the  diode  at  t  =  0  due  tc  the  injection 
source . 

Table  2  presents  the  simulation  results  as  the  injection  power 
is  varied  from  2.C  tc  6.0  V.'.  Comparison  with  Table  1  shows  that  the 
same  general  RF  power  variation  as  observed  experimentally  is  predicted 
by  the  simulation,  although  the  simulation  predicts  a  rower  maximum  at 


P.  =  MC  V  instead  of  3.5  k' ,  and  the  maximum!  mower  rredicted  by  the 
m  * 

simulation  is  16.56  V  instead  cf  17.63  k'. 

Tne  behavior  indicated  ir.Table  I  can  be  understood  by  examining 


the  curves  in  Fig. 


G.  Gin: 


nee,  for  ir.jectior.-locking,  (1)  must  be  satis¬ 


fied,  the  magnitude  cf  the  injection  current  source  I.  must  satisfy 
the  following  relation  at  the  start  of  the  pulse  (after  the  bias  cur¬ 


rent  has  reached  its  maximum,  value): 


I 


V  lY  (f=10  GHz)  +  yMT=1*60°K  ,J  =6M  A /cm.2  ;V  )  j 


diode  t  ermi 


a.  £ 


V. _  \the  magnitude  of  the  RF  volt are  at 

M  -  ~  _ 

corresponding  z„(Y.,_;  vere  previously  c 
ization  process,  using  the  steady-state 


ar.c  tr.e 


.ained  ty  the  diode  character 


di-.r At i  simulation  pror 


Fcuation  (6)  matches  each  V„  value  with,  a  corresponding  I  for 

r.F  - 

steady-state  locking.  Also,  fcr  each  the  Rr  pcver  generated  by 


the  diode  is 


r. 


V 


(7) 


where  G_  =  Re{ Y_ ( V__ ) } .  The  expressions  in  (6)  and  (?)  are  plotted  i: 
D  D  Rr 

Fig.  9.  It  is  seen  that  as  I.  is  varied  from  300  A/cm2  (c.  3?  A.,  to 
800  A/cm2  (1.0^  A),  the  RF  power  first  increases,  reaches  a  maximum 
for  IT  =  150  A/cm2  (0.58$  A),  and  then  decreases.  (F  in  Fig.  9  is 
the  RF  power  at  the  start  of  the  pulse,  whereas  the  RF  power  in  Table 
2  is  the  average  over  the  1.5-ps  pulse  width).  Below  I  s  285  A/'cm2 
(0.370  A,  =  1.76  V),  it  is  anticipated  from  Fig.  9  that  locking 
cannot  occur  except  perhaps  at  very  low  F_._  values.  (It  must  also  be 
vestigated  whether'  the  operating  points  in  Fig.  9  are  stable. }  This 
expectation  is  borne  out  by  the  simulation  in  Fig.  10  for  which 
F.  =  1.5  V  (IT  =  C.3^1  A).  The  diode  does  not  lock  until  it  r.as 

in  i_- 

heated  up  to  ^77°K,  so  that  the  curves  in  Fig.  9  are  no  longer  applic; 

As  the  diode  continues  to  heat  up  the  generated  RF  pcver  gradually 

increases  to  lu.9  W.  This  behavior  is  consistent  with  the  experiment; 

results,  since  for  ?.  much  below  2  V  the  locking  at  1C  GHz  vas  not 

in 

found  to  be  stable. 
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It  has  been  shown  that  a  large-signal  •i.MF.'-.TT  diode  simulation 
program,  employing  the  arift-di  ffusior.  approximation  in  conjunction 


:omr  orcic^e  c:  je lAs  aicae  usee  ir.  the  thecretiea 


experimental  mves 


ligations  {diode  area  A  =  1.3  x  10  ~ 


Circuit  model  used  for  the  simulations 


=  0.153  nH,  Cp  =  0.32  pF, 


e  = 


L  =  O.ScoT  cr,  C  =  0.111  pF  ana  E_  =  50  £2). 

[a)  F;F  circuit  and  (b)  bias  circuit  used  in  the  simulation 
Experiment  ally  observed  (a'  turr.-cr.  and  (b)  turn-off 


Dehavicr  for  the  free-rur.ninc  case 


•ridth  =  1.5  PS  and  duty  cycle  =  -55), 


=  6-6 


A/ errm , 


.a)  Bias  current  and  F.F  power  for  the  free-running  case  an 

{ b }  comparison  between  free-running  and  injection-locked 

iurn-on  characteristics  (f  =  injection  frequency  =  10  GHz 

o 

{a)  Start-up  behavior  for  the  free-running  simulation 

[J .  (t  =  0}  =  0,  J.  (t  =  6C  ns}  =  626  A/cm2  T(0'  =  26c"H 
ac  ac 

and  t  =  6  us]  and  (b)  admittance  oiot  of  Y_(V _ ,  =  0, 

C  nr 

I  =  260”K:  )  and  -  Y  (f). 

dc  c 

'urr.-cff  characteristic  for  the  free-running  case 

C.  (t  =  0)  =  626  A/cmz,  J.  (t  =  90  ns)  =  0  and  t  =  6  us*. 
gc  ac 

:.F  power  for  the  in jectior.-iocked  start-up  transient 

J.  (t  -  C}  =  C,  J.  vt  =  60  ns)  =  626  A/cm2,  t  =  6  us. 
ac  ac 

=  C.cr-  A,  F.  =  2.0  W  ana  f  =  10  GHz], 
m  c 

locking-signal  amplitude  and  generated  RF  power  vs  V_., 


jcccrdinr  to  (t]  and  (7)  (f  =10  GHz,  J, 

c  dc 

=  1.3  x  1C“;  cm2  and  T  =  260°K). 


626  A /cm2. 
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Table 


Injection-locked  results  observed  experimentally 
as  a  function  of  injected  power 


=  10  GHz, 

J,  =  646  A/ 
dc 

err/,  pulse  width 

=1.5  us  and 

duty  factor 

u 

F„  Added 

Average  Tt 

Efficiency 

V  _ 

*  in 

E.- 

O 

GC 

(W,  peak) 

( V ,  peak ) 

(°K) 

(?) 

( v  N. 

2.0C 

14.77 

4-9.2 

17.9 

98.0 

2.50 

16.28 

472.8 

20.0 

97.0 

3-00  17.44  472.0  21.2  9S.0 
3-50  17.63  471.4  21.4  93. C 
3.75  17.39  472.1  21.1  ?£.0 
4.00  16.51  476.5  20.1  ?£.C 
4.50  16.12  475.6  19.6  96.0 
5.00  15-88  476.2  19.3  98.0 


Results  of  the  quasi-static  simulation  for  tne  m.'ectio 


(J  =  oh  £  A /cm",  t 
GC 


C  US, 


=  10  GHz,  pulse  width  = 


dutv  factor 


F_lr  is  averaged  over  the  pulse  w 


(W,  peak) 


0.39- 

2.0 

15-50 

vO 

O 

-4 

-it 

O 

2.5 

16.30 

O.U63 

3.0 

l6.kl 

0.521 

3-5 

16.53 

C.  55" 

U.O 

16.56 

0.591 

h-5 

16. 31* 

C.  623 

5-0 

16.11 

0.6  =  3 

15.67 

0.663 

6.0 

15.56 

t  A. 
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